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Center for Thin Film Devices 
The Pennsylvania State University, University Park, PA, 1680 1 
ABSTRACT 
The inconsistencies associated with the common 
simple method of evaluating the quality and stability of 
hydrogenated amorphous silicon (a-Si:H) materials for 
solar cell applications from just the magnitude of subgap 
absorption (a(E)) are addressed in this study. The 
approach taken in this study is to characterize the entire 
a(E) spectrum by its derivatives, d[a(E)]/dE. Results are 
presented and discussed for two a-Si:H thin film materials 
differing in deposition rate by an order of magnitude, 
which illustrate the utility of this approach. The presence 
of two distinctly different light induced defect states at and 
below midgap are clearly identified and their evolution 
characterized. The results are not only consistent with the 
corresponding electron mobility-lifetime products but also 
illustrate the inadequacy of the simple approach, 
particularly when applied to a-Si:H materials which are 
deposited at fast rates. 
1. INTRODUCTION 
A major obstacle in further improving the stability 
of hydrogenated amorphous silicon (a-Si:H) based solar 
cells is the limited understanding and ability to control the 
Staebler-Wronski Effect (SWE) in the intrinsic materials. 
An absence of understanding reflects itself in a variety of 
ways - from not having a reliable explanation for the 
creation of light induced defects to the lack of reliable 
methods of characterizing them. The most commonly used 
method for characterizing defects and stability of a-Si:H 
based materials for solar cell applications is to measure the 
subgap absorption, a(E), using the constant photocurrent 
method (CPM). The quality and stability of materials 
prepared over a wide range of deposition conditions are 
then evaluated by just the magnitude and the light induced 
changes of a(E). In the majority of cases attention is also 
given only to the values at a certain photon energy (E) 
typically around 1.2eV. This is a gross oversimplification 
which is based on the implicit assumptions that there is 
just one type of defect responsible for a(E) in all these 
materials, which then leads to no differences in the initial 
shapes of the spectra nor with the introduction of light 
induced defects. The single type of defect that is generally 
associated with this simple approach is the silicon 
dangling bond, Do, despite extensive evidence for the 
presence of other light induced defects in SWE. This 
includes changes in the shapes of a(E) with the 
introduction of light induced defects [ I ]  as well as the 
inability to correlate either the changes in 
photoconductivities [2] or solar cell characteristics with 
those in a(1.2) or N Z ,  the densities of Do, as measured 
with ESR [3]. In addition, the large differences found in 
the kinetics of the light induced changes and their 
dependence on temperature have clearly pointed to the 
presence of distinctly different light induced defects 
[ 1,4,5]. Recently direct correlations have been 
demonstrated between the kinetics of light induced 
changes in p-i-n a-Si:H solar cells as characterized by the 
fill factors (FF) and corresponding thin film materials 
electron mobility-lifetime (pz) products and not a(l.2) for 
hydrogen diluted and undiluted materials [6,7]. The 
marked difference in their kinetics and their dependence 
on the temperature offered additional evidence for the 
creation of light induced defects other than Do defects 
[1,5,7]. Establishing the type and the densities of these 
defect states from the self-consistent fitting of a(E) spectra 
and the corresponding p~ products, has been found to be 
not only extremely difficult but also of questionable value 
due to the large number of adjustable parameters involved 
in the fitting [8,9]. In this paper the analysis of a(E) is 
camed out with an alternative approach to that of fitting 
the entire a(E) spectra. In this approach, however, the 
changes in both the shape and magnitude of a(E) are taken 
into account. Results are presented which identify two 
distinctly different light induced defect states at and below 
midgap of a-Si:H whose evolution is sensitive to the 
microstructure of the material. The results also illustrate 
that in evaluating potential a-Si:H solar cell materials with 
distinctly different microstructure, such as introduced with 
large increases in deposition rate, the commonly used 
simple approach is not only invalid but is actually quite 
misleading. 
2. EXPERIMENTAL DETIALS 
The photoconductive subgap absorption was 
measured using the dual beam photoconductivity (DBP) 
method previously described [ 101. This method differs 
from CPM in that the constant lifetimes during the 
measurements are not achieved by adjusting the intensity 
of the subgap illumination to give constant photocurrents 
but rather by generating a constant d.c. current with red 
volume absorbed light. Because this bias light carrier 
generation is significantly larger than that due to the 
chopped monochromatic probe beams, the monochromatic 
photocurrents are generated under conditions of constant 
electron lifetimes and response times, as well as constant 
positions of the electron and hole quasi-Fermi levels. The 
carrier generation rates corresponding to the bias 
illuminations used in the work here were of the order of 
1015 ~ m - ~ s - l  which are comparable to those occurring in 
CPM measurements. In order to reliably obtain the 
absolute value of a(E) the normalization procedure 
between the DBP and transmission and reflection 
measurements developed by Jiao et al. [lo] was used. In 
addition to the measurements of a(E), the electron p~ 
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products were also evaluated at different carrier generation 
rates. The studies were carried out on lpm thin films 
deposited on co-planer chrome electrodes, which were 
evaporated 2mm apart onto glass substrates. The applied 
voltages across these contacts yielded Ohmic 
photocurrents under all the conditions of illumination. The 
initial, reproducible states were obtained by annealing at 
170°C for four hours. The light induced changes were 
obtained with 1 sun illumination from a solar simulator or 
ELH tungsten-halogen lamps with IR filters for films. The 
a(E) and pr measurements were carried out at 25°C. 
The two materials used in this study were deposited 
by rf plasma enhanced chemical vapor deposition from 
pure silane but under different conditions previously 
described [11,12]. One was deposited at a rate of 1 . 5 k s  
under conditions in ref. 11 and the other at 208Js under 
conditions in ref. 12. Despite the different deposition 
conditions and resultant microstructures the two materials 
had virtually the same bandgaps of 
3. RESULTS AND DISCUSSION 
- 1.8eV. 
3.1 Subgap Absorption and Photoconductivity 
The limitations of the commonly used methodology 
for characterizing the materials with photoconductivity 
and magnitude of a(E) can be clearly seen from the results 
on the two materials studied here. The disparate 
microstructure in the slow ( 1 . 5 h )  and fast (208Js) rate 
films produces a clear distinction in the 
photoconductivities in both the annealed states as well as 
during degradation. This can be seen in Fig. 1 where the 
p~ products for a generation rate of 10i9cm-3s'1 are shown 
in the annealed state and during degradation under 1 sun 
illumination at 25°C. In the annealed state the material 
deposited at 1.5.b exhibits a pr product higher by a 
factor of - 5. Such higher values are generally associated 
with significantly better quality of a material having 
corresponding lower densities of defects. There is also a 
difference in the rate p~ degrades in the two films, which 
is an indication that there is a difference in the densities 
and types of defects being created. As can be seen in Fig. 
1, the 1 . 5 k s  material degrades at a faster rate than the 
20&s material for approximately the first ten hours and 
then begins to slow down at -100 hours. On the other 
hand, the 208Js material maintains a constant rate of 
degradation for over four hundred hours. The difference in 
their respective kinetics becomes even more evident when 
the degradation temperature is increased. The slow rate 
film approaches a truly degraded steady state much faster 
(1100 hours), while the fast rate film maintains the same 
degradation kinetics as at 25°C. After 100 hours of 1 sun 
illumination the values of pr at a temperature of 75°C are 
significantly higher than at 25°C for the 1 . 5 h  material, 
whereas, the values of the pr products are identical for the 
2 0 k s  material. It can be noted here also that because of 
such differences in degradation kinetics it is not possible 
to obtain a rneaningfiul comparison in the stability of the 
different materials without going to a degraded steady 
state under 1 sun illumination. 
The subgap absorption as a function of the photon 
energy of the two materials in the annealed state and after 
exposure for an extended period of time to 1 sun 
illumination at 25°C are shown in Figure 2. It can be seen 
by comparing Figures 1 and 2 that the large difference of 
the p~ products in the annealed state cannot be reconciled 
with the magnitude of a(E) particularly at and around 
E=1.2eV, which are very close together for both films. 
There is, however, a difference in the shapes of a(E) with 
markedly higher values of a(E) present at and below l e v  
for the 2 0 k s  film. Distinct differences in the shapes of the 
spectra continue to be present during light induced 
degradation. The results after prolonged illumination 
illustrate this, where now the values at and below l e v  are 
the same while a( 1.2) is somewhat higher (-40%) in the 
case of the 208Js material. All of these observations point 
to the creation of defects being centered at different 
energies, having different densities and being created at 
different rates. 
H 
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lSun Illumination (Hours) 
Fig. 1. Electron mobility lifetime products with G=10i9 
~ m - ~ s - '  as a function ofexposure to 1 sun illumination time 
at 25OC for undiluted 1 . 5 h  and 2 O k s  thin film materials. 
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Energy (eV) 
Fig. 2. Sub-bandgap absorption at G=lOI5 ~ m - ~ s - '  as a 
function of photon energy for the undiluted 1 . 5 k s  and 
208Js in the annealed state and after exposure to 1 sun 
illumination at 25°C for -100 hours. 
3.2 Evolution of Light Induced Gap States. 
In order to obtain information about the nature and 
densities of these different light induced defects it is 
necessary to quantify the differences and changes in the 
a(E) spectra such as just discussed. The previous attempts 
to do this by fitting an annealed and degraded state has 
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been extremely difficult and due to the large number of 
adjustable parameters needed, ambiguities remain about 
the nature and densities of the gap states. More reliable 
fitting of a(E) spectra, and in particular their light induced 
changes, requires a reliable knowledge of a number of 
such parameters which does not currently exist [9]. The 
qualitative differences in the a(E) spectra just discussed 
are quantified with the approach described below. 
Photoconductive subgap absorption is determined 
from the absorption of photons with energies less than the 
optical bandgap which excite electrons into extended 
states in the conduction band where they are then collected 
at the contacts. Thus, for any given photon energy, a(E) is 
a measure of the number of electrons excited from all the 
defect states into the conduction band that contribute to the 
photocurrent. It is given by [9,13,14]: 
a(hu) = k(hu)-’ N(E)Nco(E+hu-Ec)l’2dE (1) 
In equation 1 hu is the photon energy which excites 
electrons from the gap states into the conduction band. The 
integral takes into account that hu can excite electrons 
located E< hu from the conduction band. Nco(E-Ec)”* is 
the parabolic distribution of extended states in the 
conduction band. k depends on the optical transitions. In 
the analysis carried out here, it is assumed to be constant 
for the different defects because the dipole matrix 
elements for transitions from localized to extended states 
have been shown to be nearly the same as for extended to 
extended states [ 151. N(E) is the energy dependent density 
of gap states occupied by electrons under a specific carrier 
generation rate due to the bias red light and is not the total 
density of defects at E. The electron occupation of the 
defect states complicates the deconvolution of a(E) in 
obtaining a true density of states in both DBP us well as 
CPM. In the case of a material with only a single defect 
the occupation of the defect is constrained by charge 
neutrality. However, in the case of multiple defects, 
occupation depends not only on their densities but also on 
their capture cross-sections and their energies in the gap 
[16]. Since in the case of N(E) which changes rapidly with 
E, such as a Gaussian distribution, the effect of N,-o(E- 
EC)1’2 on the joint density of states is small. The derivative 
of equation 1 then yields: 
kN(E)= (hv)d[a(hv)]/dE - a(hv) (2). 
The results obtained at 25OC for kN(E) from 
equation 2 are shown in Fig. 3 for the 1.58Js material and 
in Fig. 4 for the 20&s material. Now the apparent 
differences in a(E) of Fig. 2 reflect themselves in the 
shapes of N(E). In the annealed state the shapes of N(E) 
for both materials have a local minimum at 1.2eV and a 
broad distribution with a local maximum at -1.05eV. The 
magnitude of N(E) is higher for the 208Js which is 
consistent with the pr values being lower than those of the 
1.58Js material. As expected the introduction of light 
induced defects results in the increase in the magnitude of 
N(E). Increases in N(E) occur at both 1.05eV and 1.2eV 
during light induced degradation for both films, as well as 
above 1.2eV in the vicinity of the valence band tails. The 
observation of states at energies higher than 1.2eV is 
complicated by the presence of the valence band tails, 
whose contributions have not been removed from the 
spectra. Although the exponential dependence of the band 
tail state densities has been established in the vicinity of 
the valence band there is at present no reliable information 
on how deep they extend into the gap. 
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Fig. 3. kN(E) as a function of energy from the conduction 
band edge for R=O 1.58Js material degraded at 25°C with 
1 sun illumination. 
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Fig. 4. kN(E) as a function of energy from the conduction 
band edge for R=O 208Js material degraded at 25°C with 1 
sun illumination. 
Although in the annealed state N(E) are similar, the 
evolution of the N(E) spectra in the two films are quite 
different. After 1 hour of illumination the 1.58Js spectra 
has increased only at around 1.05eV and there is virtually 
no change at 1.2eV or higher energies. On the other hand, 
the 208Js film shows an increase in N(E) at 1.05eV and 
1.2eV as well as higher energies. Finally, after prolonged 
exposure to illumination there is a much larger change at 
1.2eV in the N(E) of the 208Js film, even though it is still 
a local minimum, as in 1.58Js film. The higher densities 
of defects inferred from such a larger N(E) are consistent 
with the smaller pr products in the 20&s film in both the 
annealed and degraded states. The evolution of N(E) in 
Fig. 3 and 4 point to the creation of distinctly different 
light induced defect states, one located near midgap and 
the other closer to the valence band tails. It also points not 
only to these states being created at different rates in the 
two materials, but also having a different effect on the 
electron lifetimes. 
A clearer indication of the energies of these defects 
and their relative densities in the two materials can be 
obtained by normalizing N(E) after degradation to the 
annealed state. Such ratios obtained for results in Fig. 3 
and 4 after degradation are shown in Fig. 5 .  It should be 
pointed out that the magnitude of such ratios is relative 
and depends very strongly on the N(E) in the annealed 
state of the material. The result in Fig. 5 on the 1.58Js 
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material confirms the results of Fig. 3 that more defects 
are created near midgap than around 1.2eV. The energy 
level of states near midgap cannot be clearly identified 
because of the relative contributions of the respective 
defects which results in a broad distribution is observed 
from 0.9eV to approximately 1.15eV. However, 
degradations at elevated temperatures sharpen this 
distribution into one maximum around ] . lev.  In the case 
of the 208Js material Fig. 5 clearly shows that there are 
light induced defects centered around 1.2eV and the 
increase in their density is much greater than those near 
midgap. In addition, light induced degradation at 75OC 
does not shift the 1.2eV peak with N(E) remaining 
essentially the same. This is consistent with the virtually 
identical values of p~ degraded at 25 and 75°C. These 
results not only provide clear evidence for two distinct 
light induced defect states near midgap and around 1.2eV 
in a-Si:H but also the striking differences in their 
evolution. In addition they illustrate the large effects that 
different microstructures can have on their evolution and 
must be taken into account in characterizing different a- 
Si:H materials. 
35 I I 1 
- 
25 - - 
- 
- 
0.9 1.0 1.1 1.2 1.3 1.4 
Energy (eV) 
Fig. 5. The NDs(E)/NAs(E) spectrum as a function of 
energy for undiluted films deposited at 1.58Js and 2 0 h  
after exposure to 1 sun illumination at 25°C for 100 and 
150 hours respectively. 
4. CONCLUSIONS 
The inconsistencies associated with the common 
method of evaluating the quality and stability of a-Si:H 
materials for solar cells have been addressed. The 
approach taken here is based on the analysis of a(E) 
spectra, which relates them to energy dependent densities 
of electron occupied gap states under a specific carrier 
generation rate. By taking the derivative of a(E), account 
is taken of both the changes in magnitude and shape of the 
a(E) spectrum occurring over the entire range of energies 
rather than the simple model which considers just the 
magnitude at a specific energy. Two distinctly different 
light induced defect states at and below midgap of a-Si:H 
are clearly identified and their evolution characterized. 
The results presented here for the two a-Si:H materials, 
differing in deposition rate by an order of magnitude, 
illustrate what differences in microstructure can have on 
their kinetics and defect densities. They also clearly show 
that the attempts to characterize the light induced defects 
in “device quality” a-Si:H simply in terms of dangling 
bonds is invalid. It can also be misleading about the real 
quality and stability of a-Si:H materials, particularly when 
applied to a-Si:H whose microstructure is drastically 
changed by depositing a-Si:H at very high rates [17]. 
Using the approach described here in studies on a-Si:H 
materials in which the microstructure is known and 
carefully controlled, such as in protocrystalline Si:H, will 
allow the light induced defects to be characterized in 
greater detail. The large effects of microstructure on the 
differences in the evolutions of the two defects and their 
temperature dependence, also clearly reflected in that of 
the electron p~ products, points to a mechanism of their 
creation which is more complex than those generally 
presented. 
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